influence of reactor pressure up to 6.0 MPa on the dynamic liquid hold-up in the trickle-flow regime with superficial gas velocities up to 5.2 cm/s has been investigated for water, ethanol and aqueous 40% ethyleneglycol, with nitrogen as the gas phase. Without gas flow, i.e. single-liquid trickle-flow operation, the reactor pressure has no influence on the dynamic liquid hold-up, which can be well correlated by means of the Reynolds and Galileo numbers. For Re, < 11 the hold-up is proportional to Ref '.36 and for Re, > 15 to Rey5'. This is probably due to a transition between laminar and turbulent film flow. According to the literature the dynamic liquid hold-up is not affected by low gas velocities under atmospheric conditions.
INTRODUCTION
In a cocurrent gas-liquid trickle-bed reactor a gas and liquid phase flow downward over a fixed bed of catalyst particles. This type of three-phase catalytic reactor is widely used in the chemical and petrochemical industries, mostly at elevated pressures, e.g. the hydrodesulfurization of oil products.
The total hold-up of the liquid phase in the packed bed consists of two portions, the internal liquid holdup held inside the pores of the catalyst due to the capillary forces and the external hold-up partially occupying the void volume of the packed bed. For the reactor design the external liquid hold-up is a basic parameter because it is related to other important hydrodynamic parameters: the pressure gradient, the external wetting of the catalyst and the mean residence time of the liquid phase. To determine the external liquid hold-up two different methods are generally applied. The first method involves performing liquid phase residence time distribution (RTD) experiments in a packed bed of non-porous particles, The external liquid hold-up can be calculated from the first moment-the mean residence time-of the RTD curve. The disadvantage of this method is that the relatively long tail of the curve, due to the presence of more or less stagnant liquid zones around the contacting points of the particles, is difficult to mcasurc accurately. This can lead to large errors in the calculation of the first moment. The second method of determining the total external liquid hold-up is by means of performing weighing +Author to whom correspondence should be addressed.
experiments. After the reactor has reached its desired operating point the gas and liquid inlet are closed simultaneously. The amount of liquid trickling out of the column is commonly called the dynamic hold-up and the amount remaining in the packed bed is the static or residual hold-up. Consequently, the total external liquid hold-up is equal to the sum of the dynamic and the static hold-up. The static hold-up, situated around the contacting points of the particles, results from the balance between the capillary and gravitational forces, and is independent of the gas Bow, liquid flow and liquid viscosity [see Shulman et al. (19SS)j. van Swaaij (1967) and Charpentier et al. (1968) proposed a relationship between the static hold-up and the dimensionless Eijtvas number, Ed = p+~d~/~~. At high Eii the static hold-up is inversely proportional to EC whereas at low Eii the static hold-up reaches a maximum value.
The correlation gives in the case of perfectly wettable solids fairly good estimates of the static holdup for different particle geometries and sizes. S6ez and Carbonell(1985) used the hydraulic diameter, instead of the nominal particle diameter, as the characteristic length in Eii to include the influence of the particle geometry on the static hold-up. However, no improvement could be obtained from correlating the data with this new representation.
In the literature (see Table 1 ) several studies have been presented on the dynamic liquid hold-up without gas flow or at low gas velocities. All these studies have in common that they were performed under atmospheric conditions. A comparison of the dynamic liquid hold-up equations shows several different relations for the influence of the superficial liquid velocity Satterfield and Way (1972) 0.02 < Rr, < 7.1 0 < vy < 2.3 cm/s Goto and Smith (1975) 0.3 < Re, < 16 0 c L'S < 0.8 cm/a Specchia and Baldi (1977) 0.3 < Re, < 3000 Kohler and Richarz (1984) 0.1 <Rr,<5 Buchanan (1967) et al. (1968) ]. Brauer (1971) reported the existence of a critical liquid throughput at which the hydrodynamic behaviour changes from Iaminar film flow, with p = l/3, to turbulent film flow, with p = 0.5-0.6. For relatively low Reynolds numbers Satterfield and Way (1972) and Goto and Smith (1975) found a value of p = l/3 corresponding to the laminar film flow texture. This is in contrast to the work of Kohler and Richarz (1984) who related barn to YP.'~ already for low values of Re,. Based on a theoretical analysis Buchanan (1967) and S&ez and Carbonell (1985) correlated the dynamic hold-up in terms of two dimensionless expressions: (Re,/Ga,)'lJ and Re,/Ga, 'P The first expression corresponds to a hydrodynamic flow pattern with energy losses mainly due to viscous friction of the liquid at the packing surface. The second expression has been derived on the basis of energy losses caused by turbulences due to regular changes in the velocity pattern at the packing. In this type of hold-up correlations both conditions are combined into one equation. None. of the aforementioned studies noticed any significant effect of the gas-liquid surface tension on the dynamic liquid holdup.
In the case of two-phase flow operation with relatively low gas flows no influence on Bdyn has been found for the gas flow rate as can be concluded from the investigations of Satterfield and Way (1972) and Goto and Smith (1975) . Similar observations have been reported by Charpentier and Favier (1975) and Morsi et al. (1978) .
Recently Levee et al. (1986 Levee et al. ( , 1988 found that the dynamic liquid hold-up exhibits multiple steady states even without gas flow. When the Bow rate was adjusted by reducing a high throughput, the hold-up at equal loads was larger than by increasing the flow rate after the drain period. In the latter case the liquid flows in the form of rivulets which change into a film only at a relatively high throughput.
However, in the decreasing mode the liquid film is more stable due to the contact angle hysteresis and breaks into rivulets only at a lower throughput.
Based on several observations they concluded that the existence of multiplicity in hydrodynamic states is a consequence of the imperfect wetting of the packing.
The main objective of our study is to investigate the dynamic liquid hold-up as a function of the liquid velocity and the reactor pressure without gas flow or at low velocities of 1.9 < oe < 5.2 cm/s. Also attention will be paid to possible hysteresis phenomena.
Furthermore the static liquid hold-up at low Eii will be investigated.
The experiments are performed with water, ethanol and aqueous 40% ethyleneglycol, with nitrogen as the gas phase in a trickle-bed installation with a maximum operating pressure of 6.0 MPa.
EXPERIMENTAL SET-UP
A detailed description of the experimental installation used in this study has been given by Wammes et al. (1990) . Here we will only give a brief description of the set-up. A flow sheet of the installation is given in Fig. 1 . The trickle-bed reactor (4) has an inner diameter of 51 mm and is packed with thoroughly cleaned glass spheres of 3 + 0.5 mm in diameter. The height of the packed bed is 2.42 m and it has an overall porosity of 0.39. A spray device has been located above the top of the bed in order to minimize the entrance effects by distributing the liquid phase evenly. Provisions have been made to measure the pressure at the top, the temperature at the top and the bottom of the bed and the pressure installation: 1 = liquid storage vessel at 0.05 MPa, 2 = liquid pump, 3 = air-chamber, 4 = trickle-bed reactor, 5 = gas-liquid separator, 6 = demister, 7 = gas booster, 8 = gas buffers, 9 Z= orifices, 10 = system back pressure, 11 = level-controlled buffer vessel. The installation has been designed for operating pressures up to 7.5 MPa at a temperature of 293 K. The maximum superficial liquid and gas velocitybased on the empty cross-section of the reactor-are, respectively, 1.6 and 35 cm/s. The gas throughput is measured by means of an orifice meter (9) and the liquid Aux is determined from the pump (2) calibration curves.
A programmable Analog
Devices pmac 5000 data acquisition and control unit connected to an Apple2C computer is used for the monitoring and the continuous control of the level in the buffer vessel (1 l), the electronical valves, the pump piston stroke length, the pressure, differential pressure and temperature transmitters, and the superficial gas and liquid velocity in the reactor. The pressure in the set-up is adjusted manually by means of a back pressure regulator (10) . The physical properties of the gas-liquid systems used in this study are listed in Table 2 .
EXPERIMENTAL METHOD
Before the experiments are started the packing is prewetted by means of operating the reactor in the bubble flow regime followed by draining.
During the experimental runs, the reactor operation is assumed to be stable when the reactor pressure, temperature and pressure drop and the liquid and gas throughput do not alter for at least 5 min after changing the operating variables. The dynamic liquid holdup is determined by the weighing method: the magnetic valves in the gas and liquid inlet pipes and the reactor outlet are closed simultaneously. The gas-liquid separator is emptied and then its bottom valve is closed. Next the reactor outlet valve is opened so that the liquid trickles out of the column into the separator.
During the draining period, which takes place under the operating pressure, the pressure in the separator and at the top of the column are equalized by means of a bypass. After collecting the dynamic liquid hold-up entirely it is pressed out of the separator and weighed. The dynamic liquid hold-up is calculated by means of The minimum time of draining necessary to empty the column was 30 min for water and ethanol, and 1 h for the aqueous 40% solution of ethyleneglyco1. Data are reproducible within a relative error of 5%. To investigate whether the bay" value depends on the way by which the operating point has been reached two procedures are used: the liquid flow rate is reduced to its desired value starting at its maximum throughput or the flow rate is increased from a relatively low set point. A similar procedure has been followed for the gas flow rate.
The residual liquid hold-up measurements are performed at atmospheric pressure in a trickle-bed reactor of 50 mm in diameter, a packed bed height of 0.6 m and an overall bed porosity of 0.39. The reactor has been packed with the same packing material and the same packing procedure is used as for the highpressure trickle-bed reactor. The reactor is flooded with the liquid phase and after the minimum time of draining the complete reactor is weighed. From the difference from the weight of the reactor with a dry packing the residual hold-up can be calculated. Data are reproducible with a relative error of maximal 10%.
RESULTS AND DISCUSSION

Static liquid hold-up
The experimentally determined values of B,,,, are plotted in Fig. 2 as a function of Eii together with data of other authors and the diagram of van Swaaij (1967) and Charpentier ef al. (1968) . In our opinion the static or residual liquid hold-up is not affected by the reactor pressure. Our data confirm the proposal of van Swaaij and Charpentier that at low EC the static holdup is limited to a value of ED,,,, z 0.05, where E is the . Levee et a&.(1988) .l I Ef.6 10 100 void fraction of the packed bed. Deviations from the correlation are caused by neglecting the wetting properties of the solid surface [see van Swaaij (1967) and Charpentier et al. (1968) ]: in the case of a liquid-solid system with poor wetting properties the amount of static liquid is overestimated.
Consequently, the static liquid hold-up experiments can be used to judge the wetting conditions in a liquid-solid system. The static hold-up value reported by Levee et al. (19136) is much lower compared to our value (see Fig. 2 ), although the same system was used: water and 3-mm glass spheres. Therefore it is likely that their glass surface had poor wetting properties, promoting rivulet flow and imperfect wetting of the packing except for high liquid loads.
The wetting properties of a material, which can be evaluated by means of the liquid-solid contact angle, are favoured by a low gas-liquid surface tension and a high free surface energy of the material, such as clean glass. Besides these factors, the roughness of the solid surface plays a role but its influence is difficult to predict a priori [see Hiittinger and Bauer (1982) ].
In most cases the wetting property is an unknown parameter: moreover, it is sensitive to surface contaminations. We inspected our system by taking out a batch of glass spheres of the reactor after the draining period. For the three liquids we used in this study, we observed that the glass surface was fully covered with a very thin liquid film, implying good wetting properties of our packing material. This does not necessarily mean that the packing is also completely actively wetted by the liquid flow at each liquid flow rate.
Dynamic liquid hold-up without gasjlow
The results of the dynamic liquid hold-up experiments with water as a function of Re, have been plotted in Fig. 3 . From a comparison between the hold-up values determined at 0.3 and 6.0 MPa it can be concluded that without gas flow the reactor pressure has no influence on the hold-up. Moreover, the hydrodynamic state in the column shows no hysteresis: the way in which the operating point has been set has no influence on the dynamic liquid hold-up value. This has also been observed for the experiments with ethanol and aqueous 40% ethyleneglycol. findings we conclude that the liquid flow pattern at each liquid throughput does not depend on any previous operating conditions. In Fig. 4 Pay,, has been plotted for all three different liquids as a function of Re,. The dynamic liquid holdup measurements with the aqueous 40% ethyleneglyco1 solution were limited to superficial liquid velocities no higher than 8 x 10m3 m/s. Beyond this condition flooding started in the free space above the top of the bed. In Fig. 4 Brauer (1971) for the countercurrent operation below the loading point. Our findings for Re, < 11 are in accordance with Satterfield and Way (1972) and Goto and Smith (197S) , but contradict those of Kohler and Richarz (1985) , who reported an exponent of 0.53 for low Re, (see Table 1 ). For Re, > 15 the relation between Bdyn and Re, is similar to the findings of Specchia and Baldi (1977) up to Re, = 3000.
It has been difficult to observe the type of liquid flow pattern through the transparent column wall because only the wall area is seen. In this region the structure of the packed bed differs from the core region: moreover, the flow pattern is influenced by the regular contact with the column wall, which has been manufactured in polycarbonate with poor wetting properties. The following considerations lead us to the conclusion that at each flow rate the liquid is flowing mainly as a liquid film over the packing. As can be concluded from the static hold-up experiments the wetting properties of the glass spheres are optimal, which promotes the film flow pattern for the three different liquids. In the case when the liquid flows predominantly in the form of rivulets a decrease in the gas-liquid surface tension would reduce the liquid-solid contact angle and therefore improve the degree of wetting and liquid hold-up [see Shi and Mersmann (1984) and Levee et al. (1986) ]. However, Reynolds number in single-liquid trickle-flow operation at atmospheric pressure.
our dynamic liquid hold-up experiments did not show any noticeable effect of uI on pdyR as will be seen later. The transition in Fig. 4 is determined by Re, and is independent of the gas liquid surface tension. Therefore we presume that at the transition the fiow pattern changes from a regime dominated by laminar films to a flow regime where the films are turbulent.
A description of the liquid hold-up and its relation to the hydrodynamics is extremely difficult due to, for example, the complex structure of the packing, the uncertainty of the wetted area and the complexity of the flow pattern. Therefore we restricted ourselves to a function of dimensionless numbers. For the single liquid trickle-flow experiments the hold-up P,,,,,, can be correlated with Re,, the Galileo number Ga, and a variable F, taking into account the influence of the packing properties. Ga, represents the ratio of Ret and the liquid Froude number. For both Re, ranges (see Fig. 4 ) we correlated the data by means of a power law relation and obtained
Re, < 11: c1 = 0.36, c2 = -0.39
Re, > 15: c, = 0.55, cZ = -0.42.
The three different liquids are equally well correlated with eq. (2) and therefore the assumption that (T, has no influence is justified. It should be mentioned that for foaming systems the gas-liquid surface tension effects on the liquid hold-up cannot be neglected [see, for example, Charpentier and Favier (1975) ].
Our findings about the dependence of Bdyn on Re, and Ga, in the range Re, > 15 are in agreement with the work of Specchia and Baldi (1977) (see Table 1 ). Because the packing properties were not varied in our study, the constant in eq. (2) depends on the type of packed bed. Specchia and Baldi (1977) accounted for the effect of the packing properties by (a,d,/~)'-'~"~, which has been based on many data for porous and non-porous packings of different geometry and size with a nominal diameter in the range of 0.5 < d, < 50 mm. When we substitute the value (u,d,/s)O-65 of our packed bed into the constant, a factor 3.8 results, compared to 3.86 found by Specchia and Baldi (1977) and 3.46 by Kohler and Richarz (1985) . Rao and Drinkenburg (1985) also found for a spherical packing a good agreement with the correlation of Specchia and Baldi (1977), but not for Raschig rings. A comparison between the experimental data and the prediction by means of eq. (2) is given in Fig. 5 .
Pressure infuence on the dynamic liquid hold-up at low gas velocities
In the case of a gas-liquid flow at relatively low gas velocities the trickle-bed reactor operates in the trickle-flow regime. The gas phase is continuous and practically does not influence the liquid hold-up [see, for example, Shah (1979) and Ramachandran and Chaudari (1983)J. Therefore this flow behaviour is often described as the "low interaction regime": however, it should be noted that these conclusions are based on experiments at atmospheric pressure. In Figs 6 and 7 our results are given for the dynamic liquid hold-up experiments with water-nitrogen and aqueous 40% ethyleneglycol-nitrogen at different reactor pressures. Under all conditions the reactor operated in the trickle-flow regime: no pulses or gas bubbles could be seen through the transparent part of the column. Besides, the method of gas flow rate adjustment, which has been varied for several experimental runs, did not influence the dynamic liquid hold-up and pressure drop. The hold-up values measured under no gas flow conditions, which are independent of the reactor pressure as has been concluded in the foregoing paragraph, have also been plotted in Figs 6 and 7. Figure 6 shows that a pressure increase at a low liquid flow rate and gas velocity has no significant effect on the dynamic liquid hold-up. At higher liquid throughputs and with the reactor operating at 0.5 MPa, an increase in the superficial gas velocity reduces the liquid hold-up. This decrease becomes more substantial at higher reactor pressures. Similar trends are observed for the aqueous 40% ethyleneglycol-nitrogen system in Fig. 7 . For this system, even at low Re, values the influence of the superficial gas velocity and the reactor pressure on the dynamic liquid hold-up is noticeable. Hence it appears that the application of hold-up correlations, derived from the single-liquid trickleflow experiments, to estimate the liqtiid hold-up in high-pressure trickle-bed reactors operating at low superficial gas velocities can lead to serious overestimations. We recommend abstaining from the use of the term "low interaction regime" for the trickleflow regime: there is definitely a high influence of the gas flow on the hydrodynamics at higher pressures in the trickle-flow regime, even at relatively low gas
velocities.
The decrease in the dynamic liquid hold-up in the two-phase operation at elevated reactor pressures can be explained by accounting for the drag force at the gas-liquid interface. This force depends on the gas velocity as well as the gas density and is, together with the gravitational force, the driving force for the liquid flow. At atmospheric pressure and low gas velocities the drag force is negligible in comparison with the gravitational force. Under these conditions the dynamic liquid hold-up can be calculated from correlations based on single-liquid trickle-flow experiments [see, for example, Satterfield and Way (1972) ] in Table 1 . However, at elevated pressures the drag force can have a considerable influence at low gas velocities as is demonstrated in Figs 8 and 9 . Here the ratio between the pressure gradient and the gravitational force has been plotted as a function of Re, for the same operating conditions as in Figs 6 and 7. From a comparison of Figs 6 and 8 and Figs 7 and 9 we see that for very low values of AP/(p,gL.) the dynamic liquid hold-up is nearly equal to that under operating conditions without gas flow. But the more this ratio increases the greater pdyn deviates from the hold-up without gas flow. It is obvious that at a reactor pressure of 5.0 MPa the pressure gradient can have large values in relation to pig, although the superficial gas velocity is relatively low. For the ethanol-nitrogen system, having an intermediate value for the liquid viscosity, the abovementioned conclusions also hold.
In processing the effect of both the superficial gas velocity and the reactor pressure on the dynamic Specchia and Baldi (1977) .
The constant and exponents in eq. (2), but now with Gaj, have been recalculated from the data set consisting of all our gas-liquid flow measurements. The numerical values have been found the same as those for the single-liquid trickle-flow experiments in the turbulent range:
A comparison between the predicted and measured values for the three gas-liquid systems is given in Fig. 10 . So, to account for the effect of the reactor pressure and the superficial gas velocity on the dynamic liquid hold-up, the relative contribution of the pressure gradient in relation to the gravitational force must be incorporated into the dynamic liquid hold-up correlation derived from the single-liquid trickle-flow experiments. However, a transition to a laminar flow regime has not been observed anymore for the twophase flow experiments (see Fig. 11 ): already at low Reynolds numbers the liquid flow pattern is dominated by turbulences. The dynamic liquid hold-up correlations of Satterfield and Way (1972), Charpentier and Favier (1975) and Brauer (1971) show that relatively low gas velocities do not change the value of the exponent of I+ for co-or countercurrent operation under atmospheric conditions; the liquid flow pattern is not effected by the low drag forces at the gas-liquid interface. In our experiments at elevated pressures, the shear stresses at the gas-liquid interface are higher, following from the pressure drop data. This interaction may cause turbulences in the liquid film, despite the low Re, value. The shear stress can be calculated from the pressure gradient and the specific gas-liquid interfacial area. Unfortunately we have not been able to determine the lower limit of shear stress where the influence on the liquid flow pattern becomes negligible: we could not operate our installation stabily at pressures below 0.3 MPa and velocities ug < 1.9 cm/s which were required to study this phenomenon. 
